Introduction 36
Nitrification, the conversion of ammonia (NH3) to nitrate (NO3 -), is one of the fundamental 37 processes controlling the cycling of nitrogen. In aerobic environments, it is a two-step process 38 consisting of ammonia oxidation to nitrite (NO2 -), followed by nitrite oxidation to nitrate. 39
Aerobic ammonia oxidation was considered to be restricted to ammonia-oxidising bacteria 40 (AOB) prior to isolation of ammonia-oxidising archaea (AOA) [1] , which are important 41 nitrifiers in marine and terrestrial environments [2] [3] [4] , and, the subsequent discovery of 42 complete ammonia-oxidisers (comammox) [5, 6] . 43
Ammonia oxidation is generally the limiting step in soil nitrification and AOA therefore play 44 a critical role in the soil nitrogen cycle [7] , with important environmental consequences. 45
Biologically available nitrogen (such as ammonia or ammonia precursors) is applied as 46 nitrogen-based fertilisers to the soil by farmers, as soil N is a major limiting factor for crop 47 production. The transformation of ammonia to the more mobile nitrate, via nitrification, results 48 in leaching of this bio-available nitrogen from agricultural land into water systems, 49 simultaneously reducing fertiliser utilisation efficiency and polluting water systems (see [8] ); 50 development of strategies is required to control this process and reduce environmental 51 consequences. A further major environmental consequence is the production of nitrous oxide 52 (N2O), a potent greenhouse gas associated with climate change. While both AOA and AOB 53 contribute to N2O production, AOA appear unable to perform nitrifier-denitrification [9,10] 54 and their net contribution to global greenhouse gas emissions is much lower than that of AOB 55 in some agricultural soils [11, 12] , but may be higher in the acid soils in which they dominate 56 ammonia oxidation [13, 14] . This difference between groups suggests the potential for nitrous 57 oxide mitigation strategies through use of different land-use practices. 58
All known AOA belong to the class Nitrososphaeria [15] , within the phylum Thaumarchaeota 59 [16, 17] . This phylum contains several distinct phylogenetic lineages [18] , some of which, e.g. 60 Group 1.1c Thaumarchaeota, do not appear able to perform ammonia oxidation, due to their 61 growth in soil in the presence of known nitrification inhibitors and without production of 62 detectable nitrite or nitrate [19] . In addition, the only Group 1.1c Thaumarchaeota genome 63 available contains no homologue of ammonia monooxygenase, the enzyme responsible for 64 ammonia oxidation [20] . In mesophilic environments, three order-level phylogenetic lineages 65 represent the majority of known AOA diversity and abundance ( Fig. 1 All published large-scale archaeal ammonia monooxygenase subunit A (amoA) phylogenies 77 identify diverse phylogenetic groups at the sub-order level with no cultivated representatives 78
[29-32] (Fig. 1) . Notably, analyses of these terrestrial amoA phylogenetic reconstructions 79 identified C1/2 (or NS-Delta) and C11 (or NS-Gamma-2.32) as the two most abundant AOA 80 lineages in mesophilic terrestrial environments, neither of which has a cultivated representative 81 or associated complete genome ( Fig. 1 ), defining them as understudied AOA lineages. As such, 82 while these organisms contribute to a significant fraction of AOA in soil, our understanding of 83 their overall ecological significance and ecosystem functioning is limited. An incomplete 84 picture of their genomic content and diversity also hinders comprehensive understanding of the 85 5 evolutionary history of these AOA, whose genomic and ecological characteristics are largely 86 unknown, and whose potential environmental importance is not reflected in their presence in 87 cultivation or genome databases. Therefore, this review critically summarises the different 88 approaches, with associated advantages and limitations, typically used to expand current AOA 89 knowledge, especially in the context of the AOA ecology and evolution, and implications for 90 their potential application to such 'understudied' lineages. 91
Environmental surveys and microcosm incubations 92
Environmental surveys have a distinct advantage for studying understudied organisms: they 93 can be conducted without a priori knowledge of or restrictions on the organisms under study. 94
This type of approach has been used extensively to describe ammonia oxidiser distribution in 95 soil ecosystems and differential growth and activity of AOA and AOB has been analysed in 96 relation to various environmental factors in attempts to identify niche specialisation [33], 97
including ammonia sources and concentration [11, 12, 34, 35] and soil moisture [36, 37] . 98
Although these effects have been explained in terms of greater ammonia affinity of AOA, 99 recent studies [38, 39] failed to find evidence of major differences in ammonia affinity of soil 100 AOA and AOB, with higher substrate affinity being demonstrated for the comammox bacteria 101 than for AOA or AOB based on a limited number of isolates. Similarly, alleviation of 102 competition between AOA and AOB using differential inhibitors, leads to growth of AOA at 103 high ammonium concentration [11] . This suggests that niche specialisation between AOA and 104 AOB may not be based, in soil, on substrate affinity or sensitivity and highlights the need for 105 deeper understanding of their distribution and underlying physiology. 106
In most soils without artificial ammonia amendment (i.e. fertilisation), AOA dominate 107 numerically over AOB, particularly in acidic soils [3, 13, 14, 24, 34, 40, 41] . However, the relative 108 activities of these groups are not necessarily reflected in their relative abundance [40, 42] . Their 109 contributions are associated with a range of environmental factors: high pH correlates with 110 6 AOB, rather than AOA activity [40, 43, 44] , high water content with AOA activity [45], high 111 inorganic nitrogen availability with AOB activity [11, 34, 44, 46 ] and low C:N ratio appears to 112 be associated with AOA activity [47] , possibly due to their preferential use of mineralized N 113 from organic matter [35] . While these studies provide evidence for links between AOA growth Microcosms provide many of the benefits of a controlled environment, including stability and 126 manipulation of several factors, including temperature, pH, light and water content, under 127 environmental conditions that are known to support growth of groups of AOA for which pure 128 cultures are not available. This approach also allows inhibition of specific groups of nitrifiers, 129 e.g., 1-octyne (to inhibit AOB) [50] or acetylene (to inhibit all ammonia oxidisers) [13,23,51]. 130 7 Phylogenetic reconstruction provides a powerful approach to detect understudied lineages, its 135 chief advantage being a lack of requirement for detailed genomic information, but rather single 136 sequences readily amplified from environmental DNA. Both ammonia monooxygenase subunit 137 A (amoA) and 16S rRNA genes have been widely used for phylogenetic analysis of AOA. 138
These two genes exist as a single copy in all genomes of cultivated AOA, except some Ca. demonstrated, suggesting that the amoA gene is a relevant marker for reconstructing AOA 212 evolutionary history. However, relations between these single marker genes and environmental 213 adaptation may only ever be correlative with environmental preference, as these amoA and 16S 214 rRNA genes are not known to be directly involved in environmental adaptation. 215 216
Genome analysis 217
Understanding AOA physiology has been facilitated by genome sequencing, which allows 218 prediction of potential metabolic pathways, including those for ammonia oxidation [10] and 219 carbon dioxide fixation [63] . Genome sequences are among the more powerful tools available 220 for studying new organisms as they allow detailed metabolic prediction, as well as being a 221 gateway to more detailed phylogenomic reconstruction of evolutionary history. Genomic data 222 have provided some key information in AOA, highlighting the lack of a hydroxylamine 223 dehydrogenase enzyme HAO similar to that in AOB [64] [65] [66] The remaining questions on the ecology, evolution and physiology of AOA can be addressed 314 using an array of methodologies, each of which has advantages and limitations ( Table 1) . 315
Genomics tools are complementary to environment-based studies generating strong hypotheses 316 and predictions surrounding physiological or environmental adaptation, which can then be 317 tested using cultivation-based approaches or controlled microcosm experiments. Investigation 318 of complex gene functions or interactions will hopefully benefit from future developments such 319 as reverse and forward genetics. The current and future efforts to explore the significant 320 underexplored diversity of terrestrial AOA (Fig. 1) will certainly yield disproportionate 321 benefits in evolutionary understanding, but progression of this knowledge requires directed 322 exploration using specific mechanistic-based approaches. 
